Surgical release of the lingual frenulum (frenotomy) has become an increasingly common procedure, performed from birth through to adulthood. Surprisingly, detailed anatomy of the in-situ lingual frenulum has never been described, and no anatomical basis has been proposed for the individual variability in frenulum morphology. The lingual frenulum is frequently referred to as a "cord" or "submucosal band" of connective tissue, yet there is no evidence to support this anatomical construct. This paper aims to describe the anatomy of the in-situ lingual frenulum and its relationship to floor of mouth structures. Fresh tissue microdissection of the lingual frenulum and floor of mouth was performed on nine adult cadavers with photo-documentation and description of findings. The lingual frenulum is a dynamic structure, formed by a midline fold in a layer of fascia that inserts around the inner arc of the mandible, forming a diaphragmlike structure across the floor of mouth. This fascia is located immediately beneath the oral mucosa, fusing centrally with the connective tissue on the tongue's ventral surface. The sublingual glands and submandibular ducts are enveloped by the fascial layer and anterior genioglossus fibers are suspended beneath it. Lingual nerve branches are located superficially on the ventral surface of the tongue, immediately deep to the fascia. The lingual frenulum is not a discrete midline structure. It is formed by dynamic elevation of a midline fold in the floor of mouth fascia. With this study, the clinical concept of ankyloglossia and its surgical management warrant revision. Clin. Anat. 32:749-761, 2019.
INTRODUCTION
Lingual frenotomy is a surgical procedure that divides the lingual frenulum (Baker, 2015) . Given the importance of sound anatomical knowledge prior to performing any surgical procedure, it is surprising that there are no publications documenting the anatomical structure of the in-situ lingual frenulum. In anatomy textbooks it is often described in only one or two sentences using vague terminology (Sinnatamby and Last, 2011; Standring, 2016) . No publications provide a structural explanation of the variability in frenulum morphology between individuals, which would enable an understanding of what encompasses normal anatomy and which variables have the potential to create functional limitation in tongue movement.
Only two publications exist on the histology of the human lingual frenulum further highlighting the absence of adequate evidence to describe this structure (Fuchs, 1966; Martinelli et al., 2014) . Neither of these papers reviewed the attachments of the lingual frenulum nor its relationship to neighboring floor of mouth structures.
The terms "tongue tie" (TT) and "ankyloglossia" are used synonymously to represent a condition where movement of the tongue is assessed as being limited. This limitation is usually attributed to the lingual frenulum "tethering" the tongue, with the frenulum itself often being called a "tongue tie." However, it is generally agreed ankyloglossia is not a purely anatomical or appearance-based diagnosis, and that limitation of tongue movement is crucial to the diagnosis and in the decision to proceed to frenotomy (Suter and Bornstein, 2009; Puapornpong et al., 2014; Chinnadurai et al., 2015; Francis et al., 2015; . As yet no clear anatomical variables have been identified that have direct correlation with limitation of specific tongue movements, or improvement in any objective outcome measures following frenotomy. Consequently, major controversy still exists around when and how the frenulum is determined to be limiting movement, and when that limitation is sufficient to warrant surgical intervention.
The lingual frenulum must be considered a normal anatomical structure, with 99.5% of healthy infants reported as having an observable and/or palpable lingual frenulum (Haham et al., 2014) . The lingual frenulum has been described in some texts as a midline mucosal fold passing between the under-surface of the tongue and the floor of the mouth (Sinnatamby and Last, 2011) . However, practitioners performing frenotomy commonly use descriptive terms such as; submucosal band, string, cord, or mast, with complete division of this discrete midline connective tissue structure being recommended to improve tongue mobility (Hong et al., 2010; Ghaheri, 2014; Watson-Genna, 2017) .
Individual variability in the location or height of attachment of the lingual frenulum on the ventral surface of the tongue is observed, with this feature forming the basis of grading systems for tongue ties developed by Kotlow (1999) and adapted later by Coryllos et al. (2004) . The premise of these grading systems is based on using this single feature of the visual appearance of the lingual frenulum to categorize a frenulum into a grade of '"tongue tie." An attachment of the lingual frenulum closer to the tip of the tongue, the more classically recognized appearance, is now commonly referred to as an "anterior tongue tie." The term "posterior tongue tie" has been coined more recently to describe a frenulum with a lower ventral tongue attachment, or a frenulum that is "submucosal" and not at all visible, with "tension" or "restriction" in the floor of mouth needing to be palpated for diagnosis (Chu and Bloom, 2009; Hong et al., 2010; O'Callahan et al., 2013; Pransky et al., 2015; Ghaheri et al., 2017) . As the categories of these grading systems encompass the full range of possible variation in frenulum appearance, they allow any frenulum to be categorized as a "tongue tie" and to therefore be labeled as "abnormal." This creates a dilemma regarding when a lingual frenulum's appearance can be considered normal, and potentially drives an international trend for an increasing rate of diagnosis of ankyloglossia, reported in Canada, Unites States of America and Australia (Joseph et al., 2016; Kapoor et al., 2018) . These authors all voice concerns regarding the potential for overdiagnosis, and a need for improved diagnostic criteria to avoid unnecessary surgery. The absence of documentation of a relationship between the current "tongue tie" grading systems and the presence and/or severity of functional restriction (Messner et al., 2000; Hong et al., 2010) strongly suggests that other variables must also impact on tongue function other than this feature alone.
Traditionally frenotomy has been performed using scissors or a scalpel (also referred to as "cold steel" techniques, as no thermal energy is applied), with recent popularity in of the use of laser (Fiorotti et al., 2004; Kotlow, 2011; Barot et al., 2014; Baker, 2015) . Some practitioners believe that there are deep attachments of the frenulum, warranting a deeper incision (Fabbie et al., 2016) . Heated debates take place in social media bringing into question the "completeness" of a frenotomy procedure, particularly when improvement does not occur after a procedure and in these circumstances it is not uncommon for babies to be considered for a second or multiple frenotomies .
We believe, given the clinical uncertainty around what is normal and abnormal frenulum anatomy, it is critical to obtain a detailed and accurate knowledge of the anatomy of the frenulum and to gain an anatomical understanding for the variability in morphology that occurs between individuals. This study aims to describe the surgical anatomy of the in-situ lingual frenulum and floor of mouth, including a descriptive analysis of the variability of morphology between individuals.
METHODS
The nine human adult cadavers used in this research were donated to the Anatomy and Medical Imaging Department. Ethical consent was obtained under the Human Tissues Act 2008. Basic demographic data: Six male and three female, age at death ranged from 50 to 87 years, with an average of 72 years.
The specimens were harvested from fresh tissue cadavers to include; the body of the mandible, the whole tongue (including the posterior tongue down to the vallecula), mylohyoid and all the tissues of the floor of mouth. They were harvested from the cadavers using a bone saw to divide the mandible with a single cut on each side, adjacent to the ramus. The soft tissues were then dissected sharply from the inner surface of the mandibular ramus and released from the soft tissues below the hyoid. A single specimen was also divided (bone and soft tissue) in the mid-sagittal plane. The specimens were frozen and later defrosted for dissection. No form of embalming had been used, allowing the tissues to remain soft and pliable, with normal passive mobility and tissue planes preserved. Prior to commencing dissection, all specimens were photographed. The tongue was moved passively by the researcher to photo-document the change in morphology of the frenulum with tongue movement.
All dissections were performed by the lead author who has 3 years' experience as a prosector and 20 years of clinical experience in otolaryngologic surgery. All dissections were assisted by magnification (Ziess EyeMag Smart Medical Loupes 2.5 magnification and Designs for Vision Loupes 3.5 extended field magnification) and LED illumination (Zeiss EyeMag Light II, 50,000 Lux illumination), using fine iris scissors and a scalpel (15 and 11 blades). Images were recorded with an S7 Samsung Phone Camera and a Canon EOS500D with a Macro EF 100 mm lens with an Amaran HC100 Halo ring flash.
Dissections were performed using a superficial-todeep approach with photo-documentation at each stage of the dissection. In each specimen, removal of the oral mucosa was carefully performed to display the underlying structures. Further dissection was then performed to define and determine the relationship of sublingual structures including connective tissues, salivary gland tissue and neurovascular structures. The tissues forming the lingual frenulum were identified and the morphological variability described, including the anterior and posterior attachment points of these tissues and the relationship to surrounding structures. A description of these findings was transcribed for each cadaver, then collated to summarize common findings and variations in anatomy between individuals. The described findings have been independently verified by the co-authors.
RESULTS

Introducing the Floor of Mouth Fascia: Morphology and Attachments
The lingual frenulum is not a discrete midline connective tissue structure. In all specimens it is formed by a central fold in a layer of fascia that extends across the floor of mouth. This fascial layer attaches circumferentially around the inner surface of the mandible, with the fascia "flaring" into horizontal layers to give a broader vertical area of attachment where it fused with the mandibular periosteum ( Fig. 1) . The height of the superior-most aspect of this attachment (around the inner surface of the mandible) determined the level of the "roof" of the floor of mouth, with the closely applied oral mucosa separating from the gingiva at this level. The fibers within the layers of the floor of mouth fascia passed centrally (in a radial fashion), closely following the contours of the oral mucosa, to merge with the dense submucosal connective tissue on the ventral surface of the tongue (epimysium). In the midline of the floor of mouth, the connective tissue fibers within the fascial layer pass obliquely across the midline, in a basket-weave pattern. There was no discrete midline cord or band, and no organized connective tissue with an apparent antero-posterior orientation. Anterior tongue movements create tension in the central region of the floor of mouth fascia, which then dynamically elevates into a midline fold, forming the lingual frenulum.
Floor of Mouth Fascia: Variability in Thickness
Following careful removal of the overlying oral mucosa, the thickness of the anterior floor of mouth fascial layer was observed to vary between individuals, on a spectrum from dense and opaque, to thin and transparent ( Fig. 2a-h) . In all individuals, the fascia was thickest in the anterior floor of mouth, tapering to become gradually thinner as it passed postero-laterally under the sides of the tongue (Fig. 3 ). From there, this very thin, more distensible fascia continued posteriorly in the submucosal plane into the piriform fossa of the pharynx (Fig. 3b ). There was no relationship between fascial thickness and age or gender.
How Tongue Movements Mobilize the Floor of Mouth Fascia to Form the Lingual Frenulum
The floor of mouth fascia creates a diaphragm-like "skirt" that suspends the tongue within the arc of the mandible. Its peripheral attachment to the mandible is fixed and stable. With the anterior tongue in a "resting" position and the tongue's ventral surface in contact with the anterior floor of mouth mucosa, the contour of the floor of mouth fascia is horizontal and it is not under tension ( Fig. 4a ). With all anterior tongue movements, the central attachment of the fascia to the ventral tongue surface creates passive movement of the floor of mouth fascia, together with the overlying oral mucosa. Anterior and mid tongue elevation and/or retraction create tension in the fascial layer, drawing the fascia and the overlying mucosa up into a midline sagittal fold that forms the lingual frenulum (Fig. 4b ). The fold can become angulated, being low at its fixed mandibular attachment to the inner surface of the mandible and sloping upwards toward its ventral tongue attachment centrally (Fig. 4b ).
Variations in Lingual Frenulum Morphology
With tongue elevation, the prominence and visual appearance of the lingual frenulum fold varied significantly between individuals. The variables that contributed to differences in frenulum morphology have been summarized in Table 1 ; with the surface anatomy of the frenulum and important landmarks shown in Figure 5 . In a similar manner, but with more exaggerated variance, the fascia can attach in the midline anywhere along the full length of the ventral surface of the tongue (anywhere between the points 3 and 4 in Fig. 8 ), with this variable in morphology described and used in popular TT grading systems. If the distance or "height" of fascial attachment extends toward the tip of the tongue ( Fig. 8 : point 3) the frenulum creates a well-defined, higher fold when under tension ( Fig. 9a ). If it is attached low on the ventral tongue surface, it creates a fold with minimal visual prominence when under tension ( Fig. 9c ). When the fascia attached at the lowest point on the ventral tongue, without elevation from the level of fascial attachment on either side of the mid-line, tension created in the fascia by tongue retraction did not create a visible fold, but the tension created in the fascia could be palpated.
• Height of midline mucosal attachment to ventral tongue ( Fig. 5 : point 1):
In some individuals, the floor of mouth mucosa merged with the tongue mucosa "higher" or further toward the tip of the tongue than the attachment of the fascial layer in the mid line. Fig. 5 shows the mucosal attachment to the ventral tongue at Point 1, with the fascial attachment visible slightly lower at Point 2. With tongue elevation, the floor of mouth mucosa could then glide into a transparent fold a variable distance above the fascial fold (as illustrated ). An opaque frenulum formed in individuals where the mucosa and fascia both attached at the same level on the ventral tongue surface and these layers were drawn up together to the full height of the fold of the frenulum (Fig. 9b ). In the individuals where genioglossus was suspended close to the inferior surface of the floor of mouth fascia, with tongue elevation genioglossus would be drawn up to the surface of the floor of mouth, usually creating a broad, ill-defined frenulum fold (Fig. 9c ). The morphology of the frenulum therefore varied on a spectrum, with the appearance closely correlated to how the layers (mucosa, fascia and genioglossus) were being drawn up into the fold of the frenulum in each specimen.
• Length of the fold of the frenulum (Fig. 5 :
Length between points 1 and 4):
There was variability in the length of the fold of the frenulum between the anterior (mandibular) and posterior (ventral tongue) attachments in individual specimens. In the specimens where this dimension was shorter, the excursion of tongue movement required to create tension in the fascia and raise the fold of the frenulum was less when compared to specimens with more length between mandible and tongue attachments. This individual variability was not measured or quantified in this study.
• Suspension of genioglossus from the floor of mouth fascia (Fig. 5: point 3) :
In the midline, a sagittally orientated "curtain" of connective tissue (with vertically orientated fibers) suspends genioglossus as it passes from its anterior attachment to the mandible to merge posteriorly with the body of the tongue (Fig. 10A-G) . This connective tissue "curtain" is continuous with the epimysium surrounding genioglossus. Tongue elevation creates tension in the floor of mouth fascia, raising the midline fold of the lingual frenulum, which then elevates the underlying genioglossus fibers via this connection. The height that genioglossus was suspended below the floor of mouth fascia varied. In some individuals the superiormost genioglossus muscle fibers lay in close proximity to the floor of mouth fascia and were easily mobilized with the floor of mouth fascia up into the fold of the frenulum with tongue movement. Genioglossus fibers had a high degree of elasticity when passively stretched.
The appearance of the lingual frenulum (with the tongue elevated and/or retracted) could therefore vary on a spectrum between individuals: from being a thin and transparent fold, to an opaque fold, to thick and poorly defined fold, or having no clearly visible frenulum fold at all. We have shown this to correlate with the variability of how the mucosa and fascial layers and genioglossus fibers are mobilized into the fold of the lingual frenulum when the fascia is placed under tension. Figure 11 uses line drawings to illustrate an anatomically based understanding of this variability in frenulum morphology, to show how this varies from the popular "presumed" understanding of frenulum structure.
Suspension of Sublingual Glands
On either side of the midline, the deep layers of the floor of mouth fascia separate to envelope and suspend the sublingual glands, submandibular duct, and sublingual venous plexus from its inferior surface (Figures 12-14) . With anterior tongue movements, the suspended floor of mouth structures glide smoothly over the underlying genioglossus, with the plane of movement being in the loose connective tissue and adipose tissue below the sublingual glands. The openings of the submandibular ducts pass through the fascial layer, immediately adjacent to the midline fold of the frenulum. The fascial layer surrounding the submandibular duct openings is thicker, and the overlying mucosa is tightly adherent. Therefore, the submandibular duct openings are mobilized passively together with the fascia with any tongue movements and become "draped" onto the lateral sides of the fold as tension in the fascia raises the frenulum.
Lingual Nerve Branches
As the lingual nerve crosses the submandibular duct lateral to the body of the tongue, anterior branches of the nerve pass on the ventral surface of the tongue from lateral toward the midline (Fig. 15 ). With the mucosa and fascia removed, branches of the lingual nerve are visible on the surface of genioglossus, with some branches penetrating the muscle and others continuing to pass superficially immediately beneath the fascia, toward the tip of the tongue or onto the connective tissue suspending genioglossus in the midline.
SUMMARY AND DISCUSSION
This study has provided new, comprehensive detail of the in-situ anatomy of the lingual frenulum and floor of mouth using fresh cadaveric dissection. The lingual frenulum is a dynamic structure formed by a central fold of fascia that spans the floor of mouth and together with the overlying oral mucosa it forms the "roof" of the sublingual space. From its broad connection around the inner arc of the mandible, the fascia connects around the anterior and lateral ventral surfaces of the tongue, to stabilize tongue position while allowing freedom of movement. The anterior fibers of genioglossus are suspended from the fascia's inferior surface as it passes from its mandibular insertion toward the body of 
The Lingual Frenulum Is a Fold of Fascia, Not a Band
The lingual frenulum is not composed of connective tissue fibers that have an anteroposterior orientation nor is it a discrete cord or band as often described in literature ( Fig. 11-(1) ) (Hong et al., 2010; Ghaheri, 2014; Watson-Genna, 2017) . In contrast, the fascial fibers that form the frenulum have a basket-weave orientation as they cross the midline. This finding is supported by the histological study of adult cadavers from 1966 that reported a diagonal orientation of the collagenous fibers of the frenulum that crossed each other to form a scaffold like framework (Fuchs, 1966) . Consequently, the use of the terms such as cord, string, mast or band to describe the lingual frenulum is misleading and should be discontinued. We suggest the structure of the lingual frenulum is described as a "midline fold." This term is inclusive of the morphological variations of mucosa, floor of mouth fascia and genioglossus fibers that may elevate into the fold that forms the frenulum with tongue elevation (Fig. 11-(2) ). Furthermore, the diagnosis and classification of a "posterior tongue tie" is based on the construct of a midline "submucosal band" and is not supported by these dissections. In those individuals with low attachment of the floor of mouth fascia to the ventral tongue, a defined midline fold may be visible with tongue elevation, but if sufficient tension is placed on the fascia, it can be palpated as nondistensible tissue. The role of surgery in dividing the floor of mouth fascia in this subgroup and the impact of surgical intervention on tongue biomechanics in these individuals are not known and warrant further research.
Variations in Frenulum Morphology-A Structural Explanation
Our research supports the concept that frenulum morphology varies across a spectrum (summarized in Figs. 9 and 11) , prohibiting identification of a discrete finding which would lead a definitive visual diagnosis of aberrant anatomy. At one extreme of the spectrum of anatomic variation, where the tongue tip is tethered directly to the mandible, most practitioners would agree the findings would limit tongue range of movement and would be considered clinically significant. However, at which point on the spectrum the visual appearance of a frenulum is considered abnormal is subjective and currently remains a point of controversy. Our findings suggest that the location of the attachment of the frenulum fold on the ventral surface of the tongue, currently the basis for both the Kotlow (1999) and Coryllos et al. (2004) grading systems for "tongue ties" is insufficient in isolation to diagnose or define the severity of ankyloglossia. The in-depth knowledge of anatomy of frenulum morphology provided by this study gives the foundation for future research to determine the impact of a broader range of anatomical variables of the frenulum on tongue function. This information is critical for a more objective, evidenced based approach to determine which individuals are most likely to benefit from frenotomy and reducing the current trend for over-diagnosis and treatment.
Implications of New Anatomy Findings for Frenotomy Procedure
The floor of mouth fascia is continuous with the superficial layer of connective tissue on the ventral tongue, with no deep extensions into genioglossus and no fibers extending directly into the median septum of the tongue (Figs. 10-12 ). Further, we found no evidence of tongue restriction caused by deep connective tissue or genioglossus, therefore there is no anatomical indication during frenotomy for deep incisions into muscle. Deeper incisions would lead to increased pain and local inflammation and increased risk of significant scarring.
Lingual nerve branches were located superficially on the ventral tongue, immediately beneath the fascia, with these branches providing sensory innervation to the frenulum and the anterior tongue (Fig. 14) . This finding raises concern regarding potential injury to lingual nerve branches when performing any frenulum surgery, particularly if the incision creates a wide "diamond" (being more likely to injure the larger branches that have a more lateralized position) and/or when the surgical technique involves any thermal energy that will be absorbed into tissues immediately deep to the incision. Injury to these nerve branches risks temporary or permanently compromise to sensation of the anterior tongue, with this complication not able to be objectively measured in neonates and therefore being potentially overlooked or missed. Research suggests anterior tongue sensation is involved in reflexive tongue shaping and movement by intrinsic muscles (Mu and Sanders, 2010) , so injury to these branches of the lingual nerve would be of particular concern in infants having difficulty with breastfeeding. The floor of mouth fascia forms a diaphragm-like structure within the arc of the mandible (Figs. 1-5 ) which we propose leads to it having a primary role in suspending the tongue. The tongue has unique anatomy and function in the human body being a muscular hydrostat in that it is able to change its shape and contours without changing its volume and without skeletal support (Gilbert et al., 2007; Smith and Kier, 1989; Stavness et al., 2012) . The functional tasks of the tongue require complex contour shaping and involve coordinated sequential movement with precise timing and exact positioning of the tongue within the oral cavity. This requires fine neuromotor control, and the ability to move the tongue through a wide range of movements. The floor of mouth fascia appears to have two roles relating to tongue function: providing tongue stability while facilitating tongue mobility. These two roles are potentially conflicting; however, we have demonstrated that the location of fascial attachments and some laxity of the fascial layer enable a wide range of movements of the tongue before the layer is brought under tension, while the fascia's low distensibility once under tension stabilizes tongue position against the resulting diverse vectors of forces, critical for the manipulation and control of a liquid or solid bolus for example. In some individuals, anatomical variation in frenulum morphology may create limitation in tongue movement, such that there is an imbalance between these roles of stability and mobility. Research on task specific tongue biomechanics helps us understand how limitation of movement caused by the lingual frenulum may impact variably on different tongue activities (Jackson, 1988; Hiiemae et al., 2002; Green and Wang, 2003; Perrier et al., 2003; Geddes et al., 2008a Geddes et al., , 2008b Ono et al., 2009; Stavness et al., 2012; Elad et al., 2014; Xu, 2017) . Further research is required to correlate the impact of specific morphological variables of the frenulum into a clinical context. We encourage researchers to include assessment of other anatomic variables including mandible size and position, hard palate height and contour and dimensions of the tongue, to help understand the impact of the lingual frenulum in the context of a broader range of anatomical factors that may also impact on sucking biomechanics.
The anatomical architecture of the floor of mouth fascia forming a diaphragm-like structure does not appear to be replicated elsewhere in the body, with the diaphragms of the abdomen and pelvis being functionally and structurally very different. Suspension of floor of mouth has traditionally been a role attributed to mylohyoid, but our research suggests that the floor of mouth structures and the tongue itself are suspended from and stabilized by the floor of mouth fascial layer. With anterior tongue movements, the major plane of movement in the sublingual space is between the inferior surface of the salivary glands and the superior surface of mylohyoid as it passes from its mandibular insertion into the body of the tongue. Mylohyoid is located in a spatially separate, deeper layer and does not appear to have a primary role in support of the contents of the floor of mouth.
Fig.
13. Hemi-mandible: mid-sagittal section through tongue and floor of mouth. Floor of mouth fascia (dotted line) with insertion anteriorly onto mandible (black arrow) and posteriorly onto ventral tongue (white arrow). "Window" through to sublingual space beneath fascia, showing submandibular duct (gray arrow) and sublingual glands suspended from fascia (visible as irregular tan-colored tissue on under surface of fascia, between submandibular duct and mandibular insertion).
(1) Mandible (2) 
Strengths and Limitations of Study
We acknowledge that a potential limitation of the current study is that all the specimens dissected were from adult cadavers. The oral mucosa with its associated connective tissue develops by 23 weeks gestation, such that oral epithelium with adult characteristics is present by this stage of development (Winning and Townsend, 2000) . We hypothesize that that the floor of mouth fascial layer demonstrated in this research is present in neonates and have embarked on further research to test this hypothesis.
CONCLUSION
This study provides a foundation for comprehensive research that will redefine the concept of ankyloglossia. Our dissections have shown that the lingual frenulum is a dynamic three-dimensional structure that varies in morphology on a spectrum. We have clarified that the connective tissues that form the lingual frenulum are created by a sheet of fascia, rather than the presumed discrete midline band. This diaphragm-like structure suspends the tongue and the floor of mouth structures within the arc of the mandible, creating a balance between mobility and stability.
This new understanding of frenulum anatomy provides crucial information to guide clinical examination of structure and function of the lingual frenulum, decisionmaking regarding frenotomy, and an appreciation of potential risks or complications when recommending or proceeding with surgical intervention. 
